The entry tropism of HIV-1 Env proteins from virus isolated from the blood and genital tract of five men with compartmentalized lineages was determined. The Env proteins isolated from the genital tract of subject C018 were macrophage-tropic proteins, while the remaining cloned env genes encoded R5 T cell-tropic proteins. The detection of a macrophage-tropic lineage of HIV-1 within the male genital tract strongly suggests that evolution of macrophage-tropic viruses can occur in anatomically isolated sites outside the central nervous system.
H
uman immunodeficiency virus type 1 (HIV-1) develops considerable genetic diversity within an infected person. Typically, this diversity has been analyzed as that of the viral population in the blood; however, virus can also be detected in other bodily fluids (reviewed in reference 1). Most virus detected in the blood is likely produced in lymphoid tissues that are not themselves easily sampled; thus, our knowledge of HIV-1 diversity across tissues is limited (2) . Furthermore, this limitation affects our ability to analyze the possible unequal distributions of viral diversity throughout the infected host, which could affect treatment and cure efforts. Virus in the blood typically requires high levels of CD4 and uses the CCR5 coreceptor (R5 T cell-tropic), with virus that can use the CXCR4 receptor evolving later in disease (X4 T cell-tropic) (3) (4) (5) . Evolution resulting in the ability to use low levels of CD4 is associated with the ability to enter macrophages, and viruses with this phenotype (CD4 low /macrophage-tropic) are typically found late in disease in some subjects and within the central nervous system (CNS) (6) . In this current study, we investigated viral tropism in 5 previously identified subjects with compartmentalized HIV-1 lineages in semen relative to blood (7) . We show in one subject a clear example of a macrophagetropic lineage of HIV-1 within the male genital tract. This observation demonstrates that macrophage-tropic viruses can occur in anatomical sites outside the CNS.
HIV-1 was analyzed from subjects who were recruited and who consented to participation and enrolled for a previous study (7, 8) . CD4 ϩ T cell levels, viral loads, and GenBank accession numbers for the analyzed envelope genes are presented in Table 1 . Previous analysis of viral RNA sequences in the seminal and blood plasma samples, performed first using a V3-specific heteroduplex tracking assay and then, more recently, using endpoint dilution PCR (i.e., single-genome amplification [SGA] ) and sequence analysis, showed that a group of the seminal plasma-derived viral sequences from each of these five subjects formed a lineage genetically distinct from those of virus in the blood of the same subject (7, 9) . Now we have performed phenotypic analysis of a subset of the fulllength env genes amplified from each subject to determine the entry phenotype with respect to the ability to enter cells efficiently using low levels of CD4.
Representative env gene amplicons from the major viral population lineages in the blood and semen of all 5 subjects were selected for cloning and phenotypic analysis as pseudotyped virus. Briefly, the env gene was cloned into an expression vector, and each clone was cotransfected with the pNL4-3.LucR-E reporter backbone plasmid into 293T cells to generate an Env-pseudotyped luciferase reporter virus as described previously (6, 9, 10) . Viral tropism was evaluated based on the ability to infect Affinofile cells expressing either high or low levels of CD4. Comparing infection levels of Affinofile cells expressing high versus low levels of surface CD4 provides a consistent assessment of the evolutionary step required to efficiently infect macrophages, i.e., the ability to infect cells with a low density of CD4 (6) . When the level of residual infectivity of CD4 low cells was 10% that of CD4 high cells or greater, this was scored as a CD4 low /macrophage-tropic entry phenotype. Relative infectivity of CD4 low cells of 2% or less indicated that the virus was T cell-tropic, and relative infectivity between those bounds constituted intermediate tropism. Viruses evolving the ability to infect cells with a low density of CD4 also become sensitive to neutralization by soluble CD4 (sCD4) early in the process (11) (12) (13) (14) . Thus, sensitivity to neutralization by sCD4 can be used to confirm macrophage tropism (15) by testing the sensitivity of infection to the presence of 5.0 g/ml sCD4 when infecting TZM-bl cells. This amount of sCD4 efficiently inhibits the sensitive M-tropic viruses, while R5 T cell-tropic viruses are relatively resistant to this concentration.
The entry phenotype of the semen-compartmentalized viral population in all five subjects was initially established by assessing the tropism of one to three Env proteins from both the blood and seminal plasma samples (Fig. 1) . This initial analysis showed C018 to be the only subject with macrophage-tropic virus, which was found only in the semen. To confirm this finding, we reexamined multiple additional sequences from this subject, creating a more extensive sampling of viral proteins for entry phenotype analysis (Fig. 2 ). Clones were generated for 12 viral env gene amplicons from the seminal plasma and for 4 env gene amplicons from the subject's blood plasma. By this measure, clones from five env genes from the seminal plasma compartmentalized lineage-encoded Env proteins that were macrophage-tropic, with relative infectivity values ranging from 18% to 25% (Fig. 3A) . One amplicon from the seminal plasma encoded a protein that displayed an intermediate tropism phenotype, with relative infectivity of 8%. The remaining env clones, six from seminal plasma and four from blood plasma (all grouping together in Fig. 2 ) encoded proteins that were T cell-tropic with a relative infectivity of less than 2% on CD4 low cells (Fig. 3A) . All of the pseudotyped viruses tested used CCR5 and not CXCR4 as a coreceptor for entry (data not shown).
Pseudotyped viruses from C018 were also evaluated for sensitivity to sCD4 (Fig. 3B) . The presence of a low concentration of sCD4 significantly inhibited the infectivity of the pseudotyped viruses generated from the five macrophage-tropic viruses discussed above. In contrast, the 10 R5 T cell-tropic virus strains (6 from seminal plasma and 4 from blood plasma) were relatively resistant to sCD4 at the concentration tested. The clone with the intermediate entry phenotype showed intermediate sensitivity to sCD4 and represented a distinct lineage within the seminal plasma (Fig. 2) .
HIV-1 from subject C018 constitutes the first clear demonstration of a population of macrophage-tropic virus outside the CNS in humans using the strict criteria of (i) env genes generated by endpoint dilution PCR, (ii) a genetically compartmentalized population, (iii) an entry phenotype determined using a well-controlled experimental approach where CD4 utilization can be assessed, and (iv) an entry phenotype confirmed by increased sensitivity to sCD4. The male genital tract has been shown to undergo depletion of CD4 ϩ T cells during chronic HIV-1 infection, and macrophages have been suggested to be an alternative host cell (7, 16) , which could explain the emergence of a macrophage-tropic viral population in this subject, who had low levels of CD4 ϩ T cells in the blood at the time of sampling (116/l; Table 1 ). Macrophage-tropic viruses, as determined by a capacity to infect human macrophages, have previously been identified in human lymphoid tissue from patients with HIV-associated dementia, but macrophage entry did not correlate with sCD4 sensitivity (17, 18) . Significant infection of macrophages in peripheral tissues of macaques has FIG 1 Tissue culture assays using pseudoviruses to define viral entry tropism phenotypes. Relative levels of infectivity of pseudoviruses (represented by blue bars for seminal Env and red bars for plasma Env) were determined by using Affinofile cells expressing low levels of CD4 compared to the level of pseudovirus infection of Affinofile cells induced to express high levels of CD4. Macrophage tropism is defined by relative infectivity of greater than ϳ10%, while T cell tropism is defined by relative infectivity of less than 2%. Relative infectivity from 2% to ϳ10% constitutes intermediate tropism. Results show that only 1 Env from the semen of C018 showed macrophage tropism and that C047 and C083 had 1 intermediate-tropism Env from the semen whereas all other Env showed T cell-tropic phenotypes from both the blood and semen. BAL, BaL viral Env protein; JRCSF, viral Env protein; AID, amplicon identifier; PID, patient identifier. been described during late-stage infection with a highly pathogenic X4 simian-human immunodeficiency virus (SHIV) and early in infection with simian immunodeficiency virus (SIV) when the animals were depleted of CD4 ϩ T cells using an anti-CD4 antibody (2, 19) . Collectively, these studies suggest that macrophage-tropic viruses evolve when CD4 ϩ T cells become limiting. In the case of subject C018, this limitation may have occurred in the genital tract tissue, in the absence of significant mixing of this local virus with the blood. Our study identified only one of five (20%) subjects who had compartmentalized virus in the male genital tract as having macrophage-tropic virus. We observed that two other subjects, C047 and C083, had env genes that encoded proteins with an intermediate entry phenotype, which could be evidence of the early steps of evolution toward macrophage tropism. There is likely to be interplay between CD4 ϩ T cell migration into tissue, the local immune response, and the level of local viral replication in the tissue that determines if and when macrophage-tropic viruses evolve, although this sampling of five subjects with compartmentalized virus is too small to define the individual contributions of these factors.
The correlation between the ability to efficiently infect Affinofile cells expressing low levels of CD4 and sensitivity to inhibition of infectivity by sCD4 identifies these viruses in the male genital tract of this subject as macrophage-tropic. This shows that macrophage-tropic viruses can be found in other tissues, outside the CNS. Additionally, these distinct evolutionary variants are present in the male genital tract and could be transmitted (although this has not been observed [20, 21] ) or contribute to additional pathogenic mechanisms that would be distinct for each tissue where such viruses evolve. At present, we do not know if these viruses evolved in the genital tract to become macrophage-tropic or if this evolution took place first within the CNS and the virus migrated to another CD4 ϩ T cell-poor environment.
FIG 2
Phylogenetic analysis of env sequences reveals compartmentalization between the blood and seminal plasma. A neighbor-joining tree, created using MEGA, of the sequences produced using SGA is shown. Filled blue triangles represent env sequences from seminal plasma, and filled red circles represent env sequences from blood plasma. The clustering of seminal plasma env sequences into separate lineages and results of previously described compartmentalization tests show distinct viral evolution within the male genital tract. Cloned and tropism-analyzed env sequences are marked with an asterisk (*) beside each label as indicated in the key.
